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 Both spatial and temporal shifts to the migratory patterns of birds have become more 
common as climate change and habitat alterations have continued to impact ecosystems and the 
species dependent on them. Our ability to track these changes for individual species is limited by 
costs associated with current tracking methods such as GPS and geolocator technology. In this 
study, we used eBird citizen science data collected over ten years on Eastern (Sialia. sialis), 
Western (S. mexicana) and Mountain (S. currucoides) bluebirds. Using a Generalized Additive 
Model, we produced smoothed migration paths for all three species over each season from 2009 to 
2018. We asked whether there were changes over this ten-year period in the timing of spring and 
fall migration, longitude of migration, and maximum breeding ground latitude. We found that 
Eastern Bluebirds shifted their migratory routes westward, whereas Western Bluebirds shifted their 
migratory routes eastwards; there was no significant change in the migratory patterns of Mountain 
Bluebirds over the same period. Based on our analysis there was no change in the migratory timing 
or speed of any of the species from 2009 to 2018; however, there were interesting interspecific 
differences in timing and speed of migration that may be the result of divergent migratory 
strategies. Our analysis is one of the first to compare shifts in the migratory timing and distributions 
of multiple closely related species of passerines. By comparing these shifts, we found that bluebirds 
are in fact altering many aspects of their migration in response to local and more broadly ranging 
geographical factors. Further work is needed to determine the cause of these shifts at these different 
scales. 
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 Since the mid 1900s, global temperatures have risen by 0.6 degrees Celsius (IPCC 2001) 
and the earth has experienced unprecedented anthropogenic changes, which have altered 
ecosystems and disrupted biological processes (Walther et al 2002). Spring is advancing in the 
northern hemisphere, both in terms of first-leaf and first-bloom dates (Buermann et al. 2013). These 
advances are forcing insects--and the wildlife dependent on them--to alter their life cycles 
accordingly (Schwartz et al 2006). The rapidity of the change in spring phenology can result in a 
mis-match between peak resource availability and the peak resource demands of many animals, 
including migratory birds, which may be constrained in their ability to alter the timing of life 
history events such as migration and reproduction.  
With advancing springs, migratory birds may need to arrive on their breeding grounds 
earlier to take advantage of changes in high early spring productivity (Mayor et al. 2017; Saino et 
al. 2011). To advance the timing of migration species may need to alter their patterns of migrations. 
This may be done by advancing the start of their spring migration, so they arrive at the breeding 
grounds earlier. However, by doing this, individuals may be migrating along routes in very early 
spring before resources have become optimal and when weather conditions may be less favorable 
(Nilsson et al. 2013). Species may also migrate quicker; many bird species already migrate faster 
during spring compared to fall migration due to the time constraints on arrival; for example, to 
obtain high quality territories and mates (Nilsson et al. 2013) so increasing the speed of spring 
migration is possible.  
In addition to temporal shifts as a result of climate change, species may also be undergoing 
spatial shifts in their distribution (Huang et al. 2017; La Sorte et al. 2007; La Sorte and Graham 
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2020). For example, in response to increasing temperatures, many avian species’ ranges are moving 
to higher latitudes (Curley et al. 2020; Thomas and Lennon 1999) and elevations (Tingley et al. 
2012). There has also been evidence for shifts in the longitudinal distributions of many species, but 
these studies often focus on species presence or absence at the range margins (Huang et al 2017), 
rather than changes in the mean centroid of the species across their total distribution (Virkkala and 
Lehikoinen 2014). 
Historically, many studies looking at migratory birds have focused on events occurring 
during their breeding period. since this allows scientists to study natality and pair dynamics (Marra 
et al 2015); although events that occur during other stages in the life cycle also affect fitness, they 
are far less studied. For instance, a species’ density on their breeding grounds can be heavily 
influenced by winter survival (Fretwell 1972) and increased understanding of this period may 
contribute significantly to the species’ conservation or management. In order to better understand 
the total life history of a species we need to better appreciate the events occurring outside of their 
relatively short breeding period (Faaborg 2010). Recent advances in tracking technology (including 
satellite tracking, GPS tags, and geolocators) have shed light on individual-level patterns of 
migration, while other studies have made use of large-scale, often citizen-science based, datasets 
to examine changes in entire populations (Curley et al. 2020; Rushing et al. 2020). Here, we make 
use of citizen-science data available from eBird to examine shifts in migration patterns among three 
closely related migratory bird species. 
Specifically, we ask whether Eastern Bluebirds (Sialis sialis), Western Bluebirds (Sialis 
mexicana) and Mountain Bluebirds (Sialis currucoides) have shifted their migration patterns over 
the past decade. These species are all short distant migrants that both breed and winter in North 
America (Billerman et al. 2020); however, while closely related, they have distinct ecologies and 
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have shown different population trends. They may thus differ in the degree to which they are 
impacted by climate change, and in the strategies, they use to respond.  
 Eastern, Western and Mountain bluebirds are all secondary cavity nesters that nest in 
artificial nest boxes or in cavities created by other species such as woodpeckers (Cornell Lab of 
Ornithology 2020). For breeding, Western Bluebirds prefer forested areas, such as stands of 
Ponderosa pine (Pinus ponderosa) and areas that have been disturbed by fire. Threats to this species 
mainly come from habitat destruction as a result of fire suppression and logging. Mountain 
Bluebirds prefer high elevation habitats that contain a mix of open fields and forested areas. Eastern 
Bluebirds prefer open fields with some forested areas that contain underbrush. Their habitat is most 
common in open agricultural fields and areas that historically have been opened as a result of fire 
(Cornell Lab of Ornithology 2020). 
 The North American Breeding Bird Survey shows that the three species have experienced 
differing population trends over the last fifty years (Smith A.C. et al. unpublished, an update of 
Environment Canada 2017). Eastern Bluebird populations increased from the 1970s through the 
early 2000s, at an average of 1.22% per year (95% CI 1.07, 1.37). but since 2009 they have declined 
by 1.14% per year (95% CI -1.61, -0.65). Western Bluebirds have shown a steady increase of 
around 0.89% from the 1970’s until 2019 (95% CI 0.097, 1.54). Finally, Mountain Bluebird 
populations have shown a long-term decline of around 0.38% from the 1970s until 2019, however 
the credible intervals overlap zero (95% CI -0.94, 0.122) and therefore there has most likely been 
no significant change. 
To examine potential changes in the migratory patterns of North American bluebirds we 
used 10 years of citizen-science data from eBird (eBird 2020). The eBird app and website provide 
unique opportunities to study questions related to species-level changes in distribution patterns 
during the breeding and migration of migratory birds. Large-scale citizen science datasets such as 
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those available from eBird to harness millions of data points and allow for comparisons of year to 
year shifts in migratory patterns (Supp et al. 2015; Sullivan et al. 2014). In response to 
environmental changes, we expected that bluebirds in North America may have altered aspects of 
their migratory behavior such as the speed, timing and routes used, to remain in synchrony with 
the events occurring within their habitats (Mayor et al. 2017; Visser and Both 2005). In line with 
data from the Breeding Bird Survey and previous work (Duckworth and Badyaev 2007; Duckworth 
2009), we predicted that Western Bluebirds would demonstrate an eastward shift in distribution. 
We also predicted a shift in the range for Eastern bluebirds as their survival has been tied to late 
winter conditions (Sauer and Droege 1990) which through climatic drivers may have changed. 
Finally, for Mountain bluebirds due to their preference for high elevation habitat they may be less 
inclined to shift longitudinally when compared to Mountain or Western bluebirds. Consistent with 
studies conducted on other migratory birds, we predicted that as a result of increasing temperatures, 
all three species of bluebirds would arrive earlier on their breeding grounds  (Parmesan and Yohe 
2003; Jonzen 2006) and/or migratory speed (Nilsson et al. 2013), and on average a higher breeding 
latitude over time (Rushing et al 2020). 
METHODS 
 We obtained presence data for Western, Mountain and Eastern Bluebirds for each day of 
the year from 2009 through 2018 from eBird (eBird Basic Dataset 2019; Sullivan et al. 2009) and 
processed these data using the auk package (v0.4.0, Strimas-Mackey et al. 2018) for R (v3.6.2 R 
Core Team 2020). Following recommended best practices (Strimas-Mackey et al. 2020), this 
processing involved filtering the eBird checklists to include only those that were “Stationary” or 
“Traveling” (leaving out those that were “Incidental” or “Historical”), had a duration of 0 to 5 
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hours, a distance of between 0 and 5 km, and that were “complete” (i.e., all species observed were 
recorded). Finally, we ‘zero-filled’ the data, a process that adds counts of 0 for each checklist that 
did not include any bluebird observations. 
We then followed the methodology of Supp et al. (2015) to summarize presence by 
geographic location using equal-area icosahedron hex grids. Hex grids were created at a resolution 
of 23,323 km2 using the dggridR R package (v2.0.3 Barnes 2018). Presence was summarized into 
daily measures by binning checklists into hexes by date and then calculating the proportion of 
checklists that included a bluebird of a given species (number of checklists with a bluebird 
observed/total number of checklists).  For each species we calculated daily weighted mean 
longitude and latitude using coordinates of the hex centroids. These means were weighted by the 
proportion of checklists that included observations of a bluebird species, as a method of controlling 
for effort. This resulted in a measure of mean species presence per day, per hex. Hexes without 
checklists were omitted from analysis. 
 
General Additive Models (GAMs) of migration  
 A Generalized Additive model was used following methodologies from Supp et al. (2015), 
to demonstrate the relationship between daily latitude/longitude and time. The GAM was created 
with the mgcv R package (v1.8-31, Wood 2011) using a penalized regression spline-based 
smoothing parameter with a basis dimension of 40 (i.e. k = 40) and a gamma of 1.5 (the degree of 
smoothing). This model was used to smooth the centroids from the weighted daily mean locations 
which were calculated using coordinates of the hex centroids. This allowed us to create smoothed 
migration paths for species over the ten years. These smoothed paths were then used to predict the 
mean daily latitude and longitude for each species. 
 




 Migration timing was calculated in two steps. First, a coarse migration timing for each 
species in each year was defined as the date the daily latitudes predicted from the GAMs crossed 
southern or northern latitudinal thresholds calculated for each season using specific ordinal date 
ranges. These latitudinal thresholds were defined as the most northerly latitudinal extent during the 
non-breeding period and the most southerly latitudinal extent during the breeding period for each 
species. Specifically, migrations that started or ended in the south (i.e., the start of northward and 
end of southward migration) used the minimum latitude of the upper limit of the 99% confidence 
band of predicted daily locations calculated over ordinal dates 1-80 (northward) and 285-345 
(southward) (as in Supp et al 2015). Migrations that started or ended in the north (i.e., the end of 
northward and the start of southward migration) used the maximum latitude of the lower limit of 
the 99% confidence band of predicted daily locations calculated over ordinal dates 80-175 
(northward) and 225-285 (southward).  
 Migration timing was then fine-tuned with segmented regressions (segmented R package 
v1.0-0, Muggeo 2008). The date calculated by using the thresholds in the previous step was used 
as the starting point, to determine the break-point where there was no longer a relationship between 
predicted latitude and date. This resulted in a more precise calculation of the start and end of 
migration (as in Supp et al 2015). 
 
Migration speed 
 Maximum daily migration speed for each species in each year was calculated for both 
northward and southward migration as the median distance traveled (km) over the 5 fastest days in 
each period and is expressed as km/day (northward ordinal dates 1-175; southward ordinal dates 
225-340; as in Supp et al. 2015). Date ranges extending into the non-breeding period were used 
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because there was little movement in the non-breeding period and to ensure that as much of the 
migration period as possible was included. 
 
Maximum latitude and median longitude 
 The maximum latitude during the breeding season for each species in each year was defined 
as the maximum predicted daily latitude between the end of northward migration and the start of 
southward migration. The median longitude of both northward and southward migrations for each 
species and each year was defined as the median predicted daily longitude between the calculated 
start and end dates of each migration period. 
 
Maps, Data and Scripts 
 Maps were created using the ggplot2 R package (Wickham 2016), with data obtained from 
Natural Earth (https://naturalearthdata.com) via the rnaturalearth R package (v0.1.0, South 2017). 
Raw data are available from eBird (Sullivan et al. 2019). Scripts for data summarization, analysis 
and figures are available at/from here (GitHub). 
 
Statistical analysis  
 We ran a series of a linear models with species and year as fixed effects and a species*year 
interaction term, with the following response variables: start/end of spring/fall migration, 
spring/fall latitude and longitude, maximum and minimum spring/fall latitude as well as spring/ 
fall migratory speed. If we detected a significant interaction, and interaction plots revealed 
differences in the slopes, we ran a separate linear regression for each of the three species to examine 
the relationship between year and the response variable independently. Significance was evaluated 
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When looking at migratory timing, we found no significant year*species interaction when 
examining the start (F = 0.23; p = 0.8) and end (F = 2.24; p = 0.13) of spring migration or the 
beginning of fall migration (F = 0.15; p = 0.86) and the interaction terms were therefore removed 
from subsequent models. We found no effect of year on the start (F = 0.08; p = 0.78) or end (F = 
1.01; p = 0.32) of spring migration or the start of fall migration (F = 1.1; p = 0.3). There was a 
significant effect of species on the end of spring migration (F = 108.8; p < 0.0001) and the start of 
fall migration (F = 11.7; p = 0.0002), but not the start of spring migration (F = 0.25; p = 0.78). On 
average, Eastern Bluebirds ended their spring migration 57 days later than Western Bluebirds (p < 
0.0001) and 60 days later than Mountain Bluebirds (p < 0.0001) and began their fall migration 13 
days later than Western Bluebirds (p = 0.0007) and 14 days later than Mountain Bluebirds (p = 
0.0029).  
We found a significant year*species interaction for the end of fall migration (F = 3.9; p 
=0.03). We subsequently examined each species separately and found that Eastern Bluebirds 
advanced the end of fall migration (r2 = 0.4, p = 0.03) by 1.78 days per year from 2008 to 2019, 
while Western (r2 = 0.14, p = 0.16) and Mountain Bluebirds (r2 = 0.09, p = 0.20) showed no change. 
In summary, none of the three species of bluebirds altered their migratory timing for the start of 
spring and fall migration or end of spring migration. There was however a shift in the end of fall 
migration for Eastern bluebirds, which ended their fall migration earlier over the ten-year period.  
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Migration speed  
 When examining annual migration speed, the interaction between year and species was not 
significant in spring (F = 0.75; p = 0.48) or fall (F = 1.02; p = 0.38) and was subsequently removed 
from the models. After removing the interaction term from the model, there remained no effect of 
year for spring (F = 0.94; p = 0.34) or fall (F = 2.98; p = 0.09), but there was an effect of species 
in both spring (F = 108.4; p < 0.0001) and fall (F = 58.3; p < 0.0001). In other words, we detected 
a difference in the speed at which the three-bluebird species migrated (Figure 1), with Mountain 
Bluebirds migrating 11.5 km/day faster in the fall and 15 km/day faster in the spring than Eastern 
Bluebirds (p < 0.0001) and 11.8 km/day faster in the fall and 14 km per day faster in the winter 
than Western bluebirds (p < 0.0001). 
 
Figure 1. Differences in the spring (A) and fall (B) migratory speed of Eastern, Western and 
Eastern bluebirds. Speed of migration was calculated as the mean distance travelled (km) over the 
fastest 5 days. Boxplots represent the median value for each species interquartile range (Q1 below 





































When we examined whether the maximum breeding latitude changed over time, the 
interaction between year and species was not significant (F = 0.68, p = 0.51) and was subsequently 
removed from the model. We found that the maximum breeding latitude of bluebirds as a group 
changed over time (F = 4.69, p = 0.04) with all 3 species reaching a lower maximum breeding 
latitude between 2009 and 2018. There was a difference in the change in maximum breeding 
latitude among species with Mountain bluebirds migrating 6.5 units of latitude further north than 
Eastern bluebirds and 5.7 units of latitude further north than Western bluebirds. 
 
Median longitude   
 When we examined median annual longitude during migration, we found a significant year 
by species interaction for both spring (F = 11.04, p = 0.0003) and fall migration (F = 15.19, p = 
0.0006). Because the interaction plots displayed clear differences in the slopes for each species 
(Figure 2), we examined the relationship between median longitude and year separately for each 
species. 
 
Figure 3. Changes in the spring (A) and fall (B) median longitude of Eastern, Mountain and 
Western bluebirds from daily longitudes and latitudes predicted using a GAM. Blue line shows 


































Figure 5. Average GAM location of mean weighted centroids over ten years smoothed into 
migration paths (Left) for (A) Eastern, (B) Mountain and (C) Western bluebirds. Each line 
represents a single year with each color representing a different grouping of months with dark blue 
as January and dark red as December. Both Eastern and Western Bluebirds are shifting their 
migrations towards the center of the continent. Predicted migratory latitude (Right) based on GAM 
over ten years for (D) Eastern, (E) Mountain and (F) Western bluebirds. Timing based on 
migratory latitude shows no change over ten years in the start of spring migration (purple), end of 
spring migration (blue), start of fall migration (dark green) but an advancement in the end of fall 
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The median longitude during spring migration for both Eastern (r2 = 0.66, p = 0.003) and Western 
bluebirds (r2 = 0.70, p = 0.001) changed from 2009 to 2018, with Eastern Bluebirds shifting their 
distribution westward by 0.22 degrees of longitude per year and Western Bluebirds shifting 
eastward by 0.26 degrees of longitude per year. In contrast, for Mountain Bluebirds, the median 
longitude during spring migration (r2 = 0.09, p = 0.38) did not change over that time period (Figure 
3). Similar to spring migration, the median longitude during fall migration in Eastern Bluebirds 
shifted westward by 0.12 degrees of longitude per year (r2 = 0.59, p = 0.006) while the median 
longitude during fall migration in Western Bluebirds (r2 = 0.69, p = 0.003) shifted eastward by 0.3 
degrees of longitude per year from 2009 to 2018 (Figure 3). As with spring migration, for Mountain 
Bluebirds, the median longitude during fall migration (r2 = 0.16, p = 0.14) did not change over 
time.   
DISCUSSION 
 Using a 10-year citizen science dataset extracted from eBird, we demonstrated consistent 
and rapid species-level changes in migration patterns, including shifts to distributions, occurring 
across two of the three species of bluebirds in North America. While other studies have shown 
trends in migratory birds this analysis differs due to the close relationship between all bluebird 
species, allowing for an examination of how the divergence of these three species has altered their 
migratory patterns in response to different selective pressures across their entire ranges. We 
detected longitudinal shifts during migration which partly supported our predictions, with Western 
bluebirds continuing to shift eastward and Eastern bluebirds shifting their distribution which we 
found to be in the westward direction. This shift appears as a convergent trend towards the center 
of the continent which may be in response to them to track ecological productivity along latitudinal 
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and elevational gradients during spring migration (La Sorte et al 2014). Another possibility is that 
this trend may be explained by the Pacific and Atlantic Oceans limiting coastward range expansion, 
and the movement of human populations towards coastal areas (Seto et al. 2011; Neumann et al. 
2015) reducing available habitat these regions (Isaksson 2018). Thus, range expansion could only 
occur toward the east for Western bluebirds and west for Eastern bluebirds. Population trends of 
all bluebird species support our findings of longitudinal shifts as species’ ranges may often be 
shifted in response to conditions causing increasing or decreasing population trends (Virkkala and 
Lehikoinen 2017). BBS data for Eastern and Western bluebirds have been increasing and 
decreasing respectively and therefore changes to their distributions are therefore expected. Western 
Bluebirds are secondary cavity nesters and their success is dependent on having sufficient nest sites 
at their breeding grounds. Duckworth (2009) and Hejl (1994) proposed that changes in fire 
suppression regimes, along with nest box programs, have led to improved nesting opportunities for 
Western Bluebirds, facilitating an increase in population size and their eastward range expansion.  
 Poleward shifts have been observed across many taxa (Parmesan and Yohe 2003; Parmesan 
2006) and are thought to be an ecological response to warmer conditions in both winter and early 
spring at higher latitudes (Rushing et al. 2020; Beuermann et al. 2013). Our results were contrary 
to the predictions as we found that all species appear to be lowering their maximum breeding 
latitude year over year at very similar rates (figure 3). This may indicate that conditions influencing 
the maximum breeding latitude most likely involve some broad change that has similar effects on 
all species of bluebirds. This southward shift over 10 years demonstrates that bluebirds are capable 
of altering their migrations in a relatively short period of time. Even though this shift is small, it 
represents a complication for conservation efforts in the future (Méndez et al. 2018; Gill et al. 
2019), as protected areas and nest boxes, which have been largely successful, particularly for 
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Western and Mountain bluebirds, may need to be moved or changed in order to keep pace with 
their changing migratory patterns. 
 Advancements in the timing of spring arrival have been attributed to competition for mates 
and territories (Kokko 1999) or as a response to changing ecological conditions such as first leaf 
and bloom dates (Beuermann et al. 2013). Contrary to our predictions, we found no alteration in 
the timing of spring migration or the arrival of any bluebird species, but we did find that Eastern 
Bluebirds ended their fall migration earlier over the ten years of our study. Mayor et al (2017) 
examined 48 species of passerines (none of which included bluebirds) and found that advancements 
in the onset of spring at the breeding grounds were associated with earlier arrival dates. In addition 
to changes in breeding ground conditions, non-breeding grounds may also affect the migratory 
timing of birds (Robson and Barriocanal 2011; Paxton et al 2014). Since our analysis did not 
include any environmental data, we cannot tease apart whether bluebirds are minimally impacted 
by changing environmental conditions or are simply unable to respond appropriately. Most likely 
it is the former, as Western and Mountain bluebirds in particular tend to arrive at their breeding 
grounds earlier in the season when compared to other passerine species. Both species are recorded 
as having mean arrival as early as March in some years and therefore although they may directly 
benefit from advancements in spring phenology, but have not needed to advance their arrival. There 
were some differences in average end of spring migration for all three species. Eastern Bluebirds 
tended to end their spring migration on day 161, significantly later than Mountain Bluebirds, which 
ended their spring migration on day 101, or Western bluebirds which ended on day 102. This is 
supported by the changes migration speed as seen in Figure 1a:  Eastern Bluebirds migrate the 
slowest of the three species in spring migration. While there were interspecific differences in 
migration speed, we found that there was no change in the migratory speed of bluebirds over ten 
years. These interspecific differences in speed could be the result of divergent migratory strategies 
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resulting from differences in the routes and stopover sites the three species utilize along their 
migration paths. However, work done on Swanson’s Thrushes, in which where coastal and inland 
populations differed significantly in many aspects of their migration such as routes and stopover 
sites were found to have no difference in their migratory speed (Delmore et al. 2012). Therefore, 
the connection between the migratory routes, stopover sites and speed may need to be explored 
further. While we lack information on the migration patterns of individuals, it is possible that 
species specific migratory behaviours explain the differences in migration speed and potentially 
timing among the three species. As mentioned previously, Mountain Bluebirds and Western 
Bluebirds arrive early in spring, therefore migrating more quickly rather than leaving their non-
breeding grounds earlier may have been selected for in these species. 
 Despite the rapid (10-year) changes we saw in some migration parameters, there are several 
limitations to analyses that use population-level summaries, such as we did in this study. One 
limitation of utilizing eBird is that low observation effort prior to 2009 reduced the scope of our 
findings to a relatively short period, which may be too narrow to fully understand the long-term 
trends occurring in bluebird species. It must also be noted that due to our use of surveillance data 
through eBird, variables such as migration speed or maximum breeding latitude represent species 
level distribution shifts and do not represent the true values for many individuals of that species. 
For instance, we now know that Western bluebirds as a species are moving eastward, however, 
some individuals or populations may be experiencing local conditions altering the magnitude or 
even direction of this shift. Even with these limitations, the amount of data obtained through eBird 
allows researchers to ask fundamental questions related to a species’ ecology and conservation that 
would otherwise not be possible (Hurlbert and Liang 2012).  
 





Barnes (2018). dggridR: Discrete Global Grids. R package version 2.0.3. https://CRAN.R-
project.org/package=dggridR 
 
Buermann W, Bikash PR, Jung M, Burn DH, Reichstein M. 2013. Earlier springs decrease peak 
summer productivity in north american boreal forests. Environmental Research Letters. 8(2). 
 
S. M. Billerman, B. K. Keeney, P. G. Rodewald, and T. S. Schulenberg (Editors) (2020). Birds of 
the World. Cornell Laboratory of Ornithology, Ithaca, NY, 
USA. https://birdsoftheworld.org/bow/home 
 
Cazalis, V., K. Princé, J.-B. Mihoub, J. Kelly, S. H. M. Butchart, A. S. L. Rodrigues. 2020. 
Effectiveness of protected areas in conserving tropical forest birds. Nature Communications. 11(1): 
4461 
 
Cecilia Nilsson, Raymond H. G. Klaassen, Thomas Alerstam. 2013. Differences in speed and 
duration of bird migration between spring and autumn. The American Naturalist. 181(6): 837. 
 
Cornell Lab of Ornithology. 2020. All About Birds. Cornell Lab of Ornithology, Ithaca, New 
York. https://www.allaboutbirds.org  
 
Cornell Lab of Ornithology. 2019. All About Birds. Cornell Lab of Ornithology, Ithaca, New 
York. https://www.allaboutbirds.org  
 
Curley Shannon R, Manne Lisa L, Veit Richard R. 2020. Differential winter and breeding range 
shifts: Implications for avian migration distances. Diversity and Distributions. 26(4):415. 
 
Delmore, K.E., Fox, J.W., Irwin, D.E., 2012. Dramatic intraspecific differences in migratory 
routes, stopover sites and wintering areas, revealed using light-level geolocators. Proceedings of 
the Royal Society B: Biological Sciences 279: 4582–4589. 
 
eBird. 2020. eBird: An online database of bird distribution and abundance [web application]. eBird, 
Cornell Lab of Ornithology, Ithaca, New York. Available: http://www.ebird.org.  
 
eBird Basic Dataset. Versions: ebd_easblu_200501_201901_relNov-2019, 
ebd_moublu_200501_201901_relNov-2019, ebd_wesblu_200501_201901_relNov-2019. Cornell 
Lab of Ornithology, Ithaca, New York. Nov 2019. 
 
Environment Canada, 2017. North American Breeding Bird Survey - Canadian Trends Website, 
Data-version 2015. Environment Canada, Gatineau, Quebec, K1A 0H3 
 
Faaborg J, Holmes RT, Anders AD, Bildstein KL, Dugger KM, Gauthreaux SA, Jr, Heglund P, 
Hobson KA, Jahn AE, Johnson DH, et al. 2010. Recent advances in understanding migration 
systems of new world land birds. Ecol Monogr. 80(1): 3. 
 
                          17 
 
 
Fretwell SD. 1972. Populations in a seasonal environment. Princeton, NJ: Princeton University 
Press. 
 
Gill, J.A., Alves, J.A., Gunnarsson, T.G., 2019. Mechanisms driving phenological and range 
change in migratory species. Philosophical Transactions of the Royal Society B: Biological 
Sciences 374: 20180047 
 
Hejl, S.J. 1994. Human-induced changes in bird populations in coniferous forests in western North 
America during the past 100 years. Studies of Avian Biology. 15: 232-246. 
 
Huang Q, Sauer JR, Dubayah RO. 2017. Multidirectional abundance shifts among north american 
birds and the relative influence of multifaceted climate factors. Global Change Biology. 23(9): 
3610-22. 
 
Hurlbert, A.H., Liang, Z., 2012. Spatiotemporal Variation in Avian Migration Phenology: Citizen 
Science Reveals Effects of Climate Change. PLOS One. 7: e31662. 
 
IPCC. 2001. Climate change 2001: The Scientific Basis. Cambridge University Press 
 
Isaksson, C., 2018. Impact of Urbanization on Birds, in: Fascinating Life Sciences. Fascinating 
Life Sciences, pp. 235–257 
 
Jonzen, N., 2006. Rapid Advance of Spring Arrival Dates in Long-Distance Migratory Birds. 
Science 312: 1959–1961 
 
Kokko, H., 1999. Competition for early arrival in migratory birds. Journal of Animal Ecology 68: 
940–950. 
 
La Sorte, Frank A.; Thompson, Frank R., III. 2007. Poleward shifts in winter ranges of North 
American birds. Ecology. 88(7): 1803-1812. 
 
La Sorte F., Fink D., Hochachka W., DeLong J., Kellling S. 2014. Spring phenology of ecological 
productivity contributes to the use of looped migration strategies by birds. Proceedings of the Royal 
Society B. 281:20140984. 
 
La Sorte, F.A., Graham, C.H., 2020. Phenological synchronization of seasonal bird migration with 
vegetation greenness across dietary guilds. Journal of Animal Ecology. 90: 343-355 
 
Marra, P.P., Cohen, E.B., Loss, S.R., Rutter, J.E., Tonra, C.M., 2015. A call for full annual cycle 
research in animal ecology. Biology Letters. 11. 
 
Matthew Strimas-Mackey, Eliot Miller, and Wesley Hochachka (2018). auk: eBird Data Extraction 
and Processing with AWK. https://cornelllabofornithology.github.io/auk/ 
 
Mayor SJ, Guralnick RP, Tingley MW, Otegui J, Withey JC, Elmendorf SC, Andrew ME, Leyk S, 
Pearse IS, Schneider DC. 2017. Increasing phenological asynchrony between spring green-up and 
arrival of migratory birds. Scientific Reports. 7. 




Méndez, V., Gill, J.A., Alves, J.A., Burton, N.H.K., Davies, R.G., 2018. Consequences of 
population change for local abundance and site occupancy of wintering waterbirds. Diversity and 
Distributions 24: 24–35. 
 
Neumann, B., Vafeidis, A. T., Zimmermann, J., & Nicholls, R. J. 2015. Future coastal population 
growth and exposure to sea-level rise and coastal flooding--a global assessment. PLOS One. 10(3). 
 
Parmesan, C., Yohe, G. A globally coherent fingerprint of climate change impacts across natural 
systems. 2003. Nature 421: 37–42  
 
Parmesan, C., 2006. Ecological and Evolutionary Responses to Recent Climate Change. Annual 
Review of Ecology, Evolution, and Systematics 37: 637–669. 
 
Paxton, K.L., Cohen, E.B., Paxton, E.H., Németh, Z., Moore, F.R., 2014. El Niño-Southern 
Oscillation Is Linked to Decreased Energetic Condition in Long-Distance Migrants. PLOS One. 9: 
e95383. 
 
Renée A. Duckworth. 2009. Maternal effects and range expansion: A key factor in a dynamic 
process? Philosophical Transactions: Biological Sciences. 364(1520): 1075. 
 
Renée A. Duckworth, Badyaev AV. 2007. Coupling of dispersal and aggression facilitates the rapid 
range expansion of a passerine bird. Proceedings of the National Academy of Sciences of the 
United States of America. 104(38): 15017. 
 
R Core Team (2020). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 
 
Robson, D., Barriocanal, C., 2011. Ecological conditions in wintering and passage areas as 
determinants of timing of spring migration in trans-Saharan migratory birds. Journal of Animal 
Ecology. 80: 320–331. 
 
Rushing CS, Royle JA, Ziolkowski DJ, Jr., Pardieck KL. 2020. Migratory behavior and winter 
geography drive differential range shifts of eastern birds in response to recent climate change. 
Proceedings of the National Academy of Sciences of the United States of America. 117(23): 12897-
903. 
 
Saino N, Ambrosini R, Rubolini D, Jost vH, Provenzale A, Kathrin Hüppop, Ommo Hüppop, 
Lehikoinen A, Lehikoinen E, Rainio K, et al. 2011. Climate warming, ecological mismatch at 
arrival and population decline in migratory birds. Proceedings: Biological Sciences. 278(1707): 
835. 
 
MD, Ahas R, Aasa A. 2006. Onset of spring starting earlier across the northern hemisphere. Global 
Change Biology. 12(2): 343-51. 
 
Sauer and Droege. 1990. Recent population trends of the eastern bluebird. The Wilson Journal of 
Ornithology. 102(2): 239-252. 




Seto, K.C., Fragkias, M., Güneralp, B., Reilly, M.K., 2011. A Meta-Analysis of Global Urban Land 
Expansion. PlOS One. 6(8). 
 
South A (2017). rnaturalearth: World Map Data from Natural Earth. https://CRAN.R-
project.org/package=rnaturalearth.  
 
Strimas-Mackey, M., W.M. Hochachka, V. Ruiz-Gutierrez, O.J. Robinson, E.T. Miller, T. Auer, 
S. Kelling, D. Fink, A. Johnston. 2020. Best Practices for Using eBird Data. Version 1.0. 41. 
https://cornelllabofornithology.github.io/ebird-best-practices/. Cornell Lab of Ornithology, Ithaca, 
New York. https://doi.org/10.5281/zenodo.3620739 
 
Sullivan BL, Aycrigg JL, Barry JH. 2014. The eBird enterprise: An integrated approach to 
development and application of citizen science. Biology Conservation. 169: 31-40 
 
Sullivan, B.L., C.L. Wood, M.J. Iliff, R.E. Bonney, D. Fink, and S. Kelling. 2009. eBird: a citizen-
based bird observation network in the biological sciences. Biological Conservation 142: 2282-
2292. 
 
Supp, S. R., F. A. La Sorte, T. A. Cormier, M. C.W. Lim, D. R. Powers, S. M. Wethington, S. 
Goetz, and C. H. Graham. 2015. Citizen-science data provides new insight into annual and seasonal 
variation in migration patterns. Ecosphere 6(1): 15.  
 
Supp SR, La Sorte FA, Cormier TA. 2015. Citizen-science provides new insight into annual and 
seasonal variation in migratory patterns. Ecosphere. 6(1). 
 
Thomas CD, Lennon JJ. 1999. Birds extend their ranges northwards. Nature. 399(6733):213. 
Tingley MW, Koo MS, Moritz C, Rush AC, Beissinger SR. 2012. The push and pull of climate 
change causes heterogeneous shifts in avian elevational ranges. Global Change Biology. 18(11): 
3279. 
 
Tingley MW, Koo MS, Moritz C, Rush AC, Beissinger SR. 2012. The push and pull of climate 
change causes heterogeneous shifts in avian elevational ranges. Global Change Biology. 18(11): 
3279-3290. 
 
Vito M. R. Muggeo (2008). segmented: an R Package to Fit Regression Models with Broken-Line 
Relationships. R News, 8/1, 20-25. URL https://cran.r-project.org/doc/Rnews/. 
 
Walther G, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin J, Hoegh-Guldberg 
O, Bairlein F. 2002. Ecological responses to recent climate change. Nature. 416(6879): 389-95. 
 
Wickham H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 
ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org.  
 
Wood, S.N. (2011) Fast stable restricted maximum likelihood and marginal likelihood estimation 
of semiparametric generalized linear models. Journal of the Royal Statistical Society (B) 73(1): 3-
36 




Virkkala, R., Lehikoinen, A., 2014. Patterns of climate-induced density shifts of species: poleward 
shifts faster in northern boreal birds than in southern birds. Global Change Biology 20: 2995–3003. 
 
Virkkala, R., Lehikoinen, A., 2017. Birds on the move in the face of climate change: High species 
turnover in northern Europe. Ecology and Evolution 7: 8201–8209. 
 
Visser, M.E., Both, C., 2005. Shifts in phenology due to global climate change: the need for a 
yardstick. Proceedings of the Royal Society B: Biological Sciences 272: 2561–2569. 
 
 
 
